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Normal human cells in culture enter replicative senescence after a finite number of population doublings.
The exact molecular mechanisms triggering the growth arrest are poorly understood. A recent report on the
disappearance of the G-rich 3’ telomeric overhang in senescent cells led to the hypothesis that loss of the 3’
G-rich overhang is the molecular signal that triggers senescence. Here, we describe a quantitative assay to
measure the length of the G-rich 3’ telomeric overhangs from cultured cells. Using both this assay and the
conventional nondenaturing hybridization assay for measuring G-rich overhangs, we show that normal human
fibroblasts can maintain their overhangs at senescence. Furthermore, cells do not lose their overhangs when
they bypass senescence after the inactivation of p53 and Rb. We thus conclude that a global reduction in
overhang length is not the molecular signal that triggers replicative senescence.

Telomeres are distinct DNA-protein structures that protect
eukaryotic chromosome ends from degradation and inappro-
priate recombination or fusions. Human telomeric DNA is
composed of many kilobases of (TTAGGG),, repetitive hex-
amers followed by a single-stranded overhang at the 3’ end of
the G-rich strand. Telomere ends are prevented from being
recognized as damaged DNA by a variety of protection mech-
anisms (3, 6, 12, 36). The 3’ overhangs may be protected by
single-stranded DNA binding proteins, such as Cdc13 in Sac-
charomyces cerevisiae (26, 34), TEBP (telomere end binding
protein) in the ciliate Oxytricha nova (16, 38, 39), or Pot1 (2, 10,
25, 28). The 3’ overhang can also be tucked into the duplex
telomeric DNA region by telomere binding proteins and form
a special chromatin structure, the t-loop, that presumably helps
shield telomere ends from recognition as double-stranded
breaks (13, 17, 33).

In cultured normal human cells, telomeres progressively
shorten with each cell division. As a consequence, cells enter
replicative senescence (mortality stage 1 [M1]) when at least
some telomeres become critically short (5, 18, 41, 48, 52).
Senescence can be overcome by inactivation of the tumor sup-
pressor p53 and retinoblastoma (Rb) proteins, resulting in a
limited extension of life span before reaching crisis (M2),
where most cells eventually undergo apoptosis (41).

The molecular mechanisms underlying replicative senes-
cence are not fully understood. It has long been thought that
replicative senescence in human cells is telomere length regu-
lated. It has been proposed that disruption of telomere end
capping (initiated by “too-short” telomeres or other mecha-
nisms) can cause senescence. This is based on the observation
that ectopic expression of a dominant-negative version of
TRF2, a telomeric DNA binding protein, induces rapid loss of
3" overhangs, end-to-end chromosome fusions, and senes-
cence-like growth arrest without detectable loss of double-
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stranded telomere DNA (43). It was later discovered that the
loss of 3" overhangs induced by a dominant-negative TRF2 was
the consequence of cleavage of the overhang at the D-loop by
ERCCI1/XPF endonuclease rather than erosion of overhangs
per se (51).

A second hypothesis arose from the observation that the 3’
G-rich overhang is eroded at senescence (42). Those authors
proposed that loss of the 3" G-rich overhang is the molecular
signal that triggers senescence (42). However, it is unclear
whether the observed loss of overhangs is a primary event or a
secondary consequence of short telomeres producing DNA
damage signals when approaching senescence. These signals
might then induce the end-processing events that cause over-
hang shortening.

We wished to understand the role of telomeric overhang
dynamics in replicative senescence. To date, there is no reli-
able quantitative method to measure the length of telomeric
overhangs in human cells. Both the conventional nondenatur-
ing hybridization assay (30) and the newly developed telomere
oligonucleotide ligation assay (T-OLA) (9) only determine the
relative but not absolute length of telomeric overhangs. The
electron microscopy method for measuring overhang length
(21) requires large amounts of DNA (hundreds of micrograms
of DNA). We thus developed a novel biochemical technique to
determine telomeric overhang length. We observed that nor-
mal human fibroblasts could maintain their telomeric over-
hangs at senescence. We also found that cells that have es-
caped senescence through inactivation of p53 and Rb by
overexpressing human papillomavirus type 16 E6 and E7 gene
products (HPV E6/E7) maintained their overhangs during
their extended life span, whereas cells overexpressing simian
virus 40 large T-antigen (SV40 L-Tg) partially shortened their
overhangs in culture. We also confirmed our results by using a
nondenaturing hybridization assay. Our results strongly sug-
gest that overhang loss is not the trigger of replicative senes-
cence.

MATERIALS AND METHODS

Assay for measuring the size of telomeric overhangs. Five micrograms of total
DNA was resuspended in 15 wl of gp32 protection buffer (10 mM HEPES [pH
7.5], 100 mM LiCl, 2.5 mM MgCl,, 5 mM CaCl,; Li* rather than Na™ or K" salts
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was used to minimize potential G-quartet formation [47], while HEPES was used
rather than Tris to avoid amino groups that would interfere with subsequent
cross-linking steps) and was treated with 1 ug of RNase A with or without Exo
I for 30 min at 37°C. The DNA was then treated with T4 gene protein 32 (10
pmol/ul; Roche) and glutathione S-transferase (GST)-UP1 (0.6 ng/pl; see be-
low) for 1 h at room temperature (RT), followed by cross-linking with 0.025%
glutaraldehyde for 15 min at RT. Cross-linking was stopped by adding Tris (pH
7.5) to 30 mM for 15 min at RT. The unprotected DNA was digested by DNase
1(0.0025 U/pl; Roche) for 30 min at 37°C, which was then inactivated at 80°C for
30 min. Protease K (1 pg/ul; Roche) and sodium dodecyl sulfate (SDS; 0.5%)
were added, and samples were incubated at 55°C for 16 h to digest proteins and
reverse cross-linking. The high-specific-activity C-rich probe (5 fmol; see below)
was added for hybridization to the G-rich overhang overnight at RT. Samples
were analyzed the next day on 0.5X Tris-borate-EDTA (TBE)-6% polyacryl-
amide gels at 24 V/cm at 4°C to prevent melting of the annealed overhangs
during electrophoresis. Gels were dried on Hybond N* membrane (Amersham),
exposed to a phosphorimager screen, and quantified by ImageQuant software
(Amersham). To measure the size of the 3’ G-rich overhang, we used Exo
I-treated sample as background and subtracted its signal from that of the un-
treated sample at each measured size interval. The weighted mean size was
calculated using the following formula: 3(OD,)/%(OD,/L;), where OD; is the
phosphorimager output (signal intensity) and L; is the length in nucleotides of
the DNA at position i, using the range of the molecular weight marker standards
(see below). Results shown are representative of at least three independent
experiments. A mixture of all size standards, both untreated and those subjected
to the protection assay (coated, cross-linked, and digested with DNase), was
included in every experiment to verify consistent protection. Although experi-
ments with individual size standards suggested that the measured sizes using the
overhang protection assay were approximately 65% of actual sizes (see Fig. 2B,
below), the weighted mean size of the mixture of untreated size standards did not
decrease following coating, cross-linking, and digestion with DNase. We thus did
not adjust sizes by a correction factor but based sizes on the weighted means by
using the bands from the (TTAGGG),, markers as size standards.

Expression and purification of GST-UP1. The GST-UP1 protein (24) was
expressed in Escherichia coli and affinity purified on glutathione-Sepharose (Am-
ersham) following the manufacturer’s instructions. The purified protein was
>95% homogeneous as tested by SDS-polyacrylamide gel electrophoresis.

Synthesis of high-specific-activity C-rich probe. Synthesis of a high-specific-
activity (CCCTAA); probe has been described elsewhere (20). Briefly, a uracil-
containing G-rich template was annealed to a short oligonucleotide which was
extended by the Klenow fragment of DNA polymerase (Invitrogen) in the pres-
ence of [a->?P]dCTP (29). Six [**P]dCTP were incorporated per molecule, which
gave a much stronger signal than end-labeled probe. Single-stranded probe was
obtained by treating the extended probe with uracil deglycosylase to remove the
template oligonucleotide.

Construction of model template. pBSK-Rep4 is a plasmid containing an ~450-
nucleotide (nt) (TTAGGG), sequence in a pBlueScript vector (49). Single-
stranded circular DNA from both the pBSK-Rep4-containing plus strand and a
pBSK vector-only minus strand was made through phage packaging. Equal
amounts were annealed in 20 mM Tris-HCI (pH 7.6), 10 mM MgCl,, and 50 mM
NaCl at 75°C for 5 min and slowly cooled to RT to create circular DNA
containing double-stranded pBSK sequences with an ~450-nt single-stranded
TTAGGG loop. This product was then digested at the 3’ end of the telomeric
repeats with Smal and gel purified to create an artificial 3" G-rich overhang.

Creation of G-rich telomeric repeat molecular marker size standards. (TTA
GGG), repeat sequences annealed to the high-specific-activity C-rich probe
migrated differently from the commonly used DNA molecular weight standards
on nondenaturing polyacrylamide gel. We thus created specific TTAGGG size
standards for this study. Briefly, 20 pmol of 3?P-end-labeled (TTAGGG); oligo
was annealed to 6 pmol of single-stranded plasmid containing 300 nt of (CCCT
AA),, telomeric repeats in 70 mM Tris-HCI (pH 7.6), 10 mM MgCl,, 50 mM KCl,
and 1 mM B-mercaptoethanol. The annealed product was then diluted fourfold
in T4 ligase buffer and ligated overnight at RT by using T4 ligase (0.3 U/pl;
Invitrogen). After ethanol precipitation, the pellet was dissolved in H,O, melted
for 3 min at 97°C, quick-chilled, and run on a 6% native polyacrylamide gel. The
large 3-kb single-stranded plasmid stayed near the origin, allowing easy separa-
tion of the single-stranded ligation products. The gel-purified individual ligation
products were macerated by spinning through a 22-gauge needle hole in a 0.5-ml
tube and eluted overnight in 10 mM HEPES (pH 7.5) and 1 mM EDTA at RT.

Nondenaturing hybridization assay. Five micrograms of undigested genomic
DNA was diluted in 50 wl of gp32 protection buffer and hybridized with 5 fmol
of high-specific-activity C-rich probe at RT overnight. Samples were size frac-
tionated on a 0.7% agarose gel in 0.5X TBE at 8 V/cm and 4°C for 4 h. The gel
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was then denatured in 0.5 M NaOH-1.5 M NaCl at 4°C for 40 min to denature
the annealed probe and the DNA (the probe did not diffuse significantly during
this denaturation step). After washing in water for 15 min at 4°C, the denatured
gel was dried on Hybond N* membrane (Amersham) at 55°C. All the C-rich
probe that had hybridized to the single-stranded overhangs was transferred onto
the membrane after drying. The dried gel was peeled off the membrane and
neutralized in 1.5 M NaCl-0.5 M Tris-HCl (pH 8.0) for 30 min and then
hybridized to an Alu repeat probe (5'-GGCCGGGCGCGGTGGCTCACGCC
TGTAATCCCAGCA-3") at 42°C overnight. The gel was then washed with 2X
SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate) for 15 min followed
by two washes with 0.1X SSC-0.1% SDS for 10 min each. Both the membrane
and gel were exposed to a PhosphorImager screen (Amersham). Relative
amounts of overhangs were calculated by normalizing signals from the mem-
brane (representing overhang signals) with the Alu repeat signal (representing
total genomic DNA).

Enzymatic reactions. To remove the 3’ G-rich overhang, total DNA was
treated with the 3'-to-5' exonuclease E. coli Exo I (0.3 U/pg of DNA; Amer-
sham) in 15 wl of gp32 protection buffer supplemented with B-mercaptoethanol
(20 mM) at 37°C for 1 h to overnight. To generate longer 3’ overhangs, total
DNA was treated with the 5'-to-3" T7 gene 6 exonuclease (2 U/ug of DNA;
Amersham) in 40 mM Tris-HCI (pH 7.5)-20 mM MgCl,—50 mM NaCl at 37°C
for the indicated times and stopped with 25 mM EDTA (pH 8.0).

Cells and culture conditions. All cells were cultured at 37°C under 5% CO, in
a 4:1 mixture of Dulbecco’s modified Eagle’s medium and medium 199 supple-
mented with 10% cosmic calf serum (HyClone, Logan, Utah) and 50 pg of
gentamicin (Sigma). Cells were trypsinized at RT, and Sylvania Gold fluorescent
bulbs were used for both culture room and laminar flow hood lighting. Cells were
considered senescent after failure to increase cell number in 4 weeks. Detection
of senescence-associated B-galactosidase activity was performed as described
previously (14).

Extopic expression of hTERT, SV40 L-Tg, pLXSN, and HPV E6, E7, and
E6/E7 by using retroviruses was described previously (7, 32). The SV40 L-Tg
vector used did not express small t antigen.

TRAP assay. Nonradioactive telomeric repeat amplification protocol (TRAP)
analysis was performed as described previously (7).

RESULTS

Measurement of length of G-rich overhangs by telomere
overhang protection assay. We first developed a method for
quantitatively measuring the length of telomeric G-rich over-
hangs (Fig. 1). Genomic DNA was incubated with both T4
gene 32 protein (gp32) and UP1 to coat the G-rich overhangs.
gp32 binds cooperatively to single-stranded DNA independent
of DNA sequence (40). UP1 is the proteolytic fragment of
heterogeneous nuclear ribonucleoprotein Al (hnRNP Al) and
binds to single-stranded (TTAGGG),, repeats in vitro (24).
Using a model template containing an ~450-nt 3’ single-
stranded (TTAGGG),, overhang (see below), we found that
addition of UP1 increased the protection of long G-rich over-
hangs (see Fig. SIA in the supplemental material), possibly
due to the unfolding of potential quadruplex structures in the
G-rich sequences by UP1 (15). Addition of more gp32 protein
alone did not produce the same increase of the overhang
protection but rather caused a shift towards increased size
under the experimental conditions (see Fig. S1B in the sup-
plemental material). These proteins were then glutaraldehyde
cross-linked, and the uncoated double-stranded DNA was di-
gested by DNase I treatment. After reversal of the cross-link-
ing and removal of proteins with protease K, the single-
stranded overhangs were hybridized to a high-specific-activity
[**P](CCCTAA); probe and subjected to nondenaturing poly-
acrylamide gel analysis.

The overhang measurement technique was validated on sin-
gle-stranded (TTAGGG),, oligonucleotides (Fig. 2A). The (T
TAGGQG),, size standards, ranging from 36 to 384 nt, were
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FIG. 1. Outline for measuring the size of telomeric 3" G-rich over-
hang using the overhang protection assay. Total genomic DNA is
incubated with T4 gp32 and GST-UP1, which bind to single-stranded
3" G-rich overhangs. After the proteins are cross-linked to DNA,
unprotected double-stranded DNA is removed by DNase I digestion.
After heat inactivation of the DNase I, cross-linking is reversed and
proteins are digested to make the protected overhangs available for
hybridization to **P-labeled C-rich probe. Overhangs are finally size
fractionated on a native polyacrylamide gel.

subjected to the overhang protection assay. As a comparison,
standards were also directly annealed to the [**P](CCCTAA),
probe. As shown in Fig. 2B, the measured mean sizes of each
signal after the overhang protection assay were comparable to
the input sizes of each oligonucleotide annealed directly to the
probe. There was a minor smear to lower molecular weight in
the protected fragments, indicating that although the protec-
tion was good, it was not absolute. Since larger overhangs
hybridized to more probe and thus had a larger signal per
molecule, size quantification involved normalizing signals by
molecular weight (see below). In the absence of gp32 and UP1,
no signals were detected (see Fig. S2 in the supplemental
material), indicating that DNase I digestion was complete and
protein protection was required for overhang measurement.

We next tested this method on a substrate mimicking a real
telomere, a linear DNA molecule containing 3 kb of double-
stranded pBlueScript vector sequence with ~450 nt of single-
stranded (TTAGGG),, repeats at the 3’ end (pBSK-Rep4).
The overhang size measured by the overhang protection assay
produced a fragment of the expected size (Fig. 2C). Moreover,
we were able to detect this fragment after mixing pBSK-Rep4
with HeLa genomic DNA (Fig. 2C), suggesting that the smear
contributed by the HeLa DNA represented a diversity of sizes
in the G-rich overhangs in genomic DNA.

We then applied the overhang protection assay to DNA
isolated from HeLa cells. Using whole genomic DNA, we de-
tected the expected smear of signals instead of discrete bands
(Fig. 2D, no T7 exonuclease). Because this smear could be due
to single-stranded gaps, loops, or incomplete digestion of dou-
ble-stranded DNA, we treated paired aliquots with the 3'-to-5'
enzyme Exo I to remove the 3’ overhang prior to adding gp32
and UP1. The difference in signals between the presence or
absence of Exo I represented the specific contribution of the
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G-rich 3’ overhang. The resulting smear represented the het-
erogeneity of telomeric overhang length in human cells, con-
sistent with previous results from electron microscopy showing
that human cells have overhangs ranging from 50 to ~400 nt
long (49). Progressive resection of the C-rich strand with T7
gene 6 exonuclease (a 5'-to-3" exonuclease) prior to the over-
hang protection assay greatly increased the overhang sizes
(Fig. 2D). When the protected overhangs were hybridized to a
high-specific-activity G-rich probe, no signals were observed
(see Fig. S2 in the supplemental material), indicating that we
could not detect the presence of any C-rich overhangs and
were specifically measuring C-rich overhangs. In the absence of
gp32 and UP1 protein, no signal above background was de-
tected (Fig. S2 in the supplemental material). Taken together,
we conclude that the overhang protection assay measures the
mean size of telomeric overhangs from cultured cells.

Quantitation of mean overhang sizes from the overhang
protection assay. Figure 3 shows an example of how we quan-
titated the mean overhang size from a broad smear of signals.
A gel of the protected overhangs (Fig. 3A) was first overlaid in
ImageQuant with a grid of 30 boxes (Fig. 3B). The box position
of each of the protected standards (right lane in Fig. 3B) was
used to calculate the actual molecular weight represented at
the midpoint of each box. The volume (signal intensity) of each
box was determined by ImageQuant and imported into an
Excel spread sheet. A bar graph of the signal intensities for
both the overhang signal (IMR90 PD 30) and the background
control (digested with Exo I to remove the overhang) is shown
in Fig. 3C. The intensity was corrected by subtracting the
background (with Exo) signal for each location (box) from the
overhang signal, shown in Fig. 3D. There was a low-molecular-
weight artifact in boxes 28 to 30 of the IMR90 PD 30. After
eliminating these boxes, the signals from the remaining boxes
were divided by the size in nucleotides calculated for each box
(since longer telomeres hybridize to more probe), and these
values are shown in Fig. 3E. The values of intensity shown in
Fig. 3D correspond to the term OD;, and the values divided by
size shown in Fig. 3E correspond to the term OD,L; in the
formula 3(OD;,)/%(OD,/L;) used to calculate the final weighted
mean size of the overhang. The program used for calculating the
weighted mean size of overhang is the same as that for calculating
the weighted mean size of telomere restriction fragments and is
available at the website http://www.swmed.edu/home_pages/cell-
bio/shay-wright/research/IUTSWTelorunforwebxls.

We would like to point out that the measurements in the
overhang protection assay below 45 nt are difficult to repro-
ducibly quantitate. When we treated genomic DNA with T7
exonuclease prior to the overhang protection assay, we found
some signals below 45 nt remained unchanged (see Fig. S3 in
the supplemental material). Furthermore, based upon the sig-
nals obtained from the nondenaturing hybridization assay of
measuring telomeric overhangs, the intensity of the signal,
particularly below ~35 nt, was often >10-fold greater than
could be explained by authentic telomeric overhangs. This
signal was Exo I sensitive and might represent some cross-
hybridization of the probe to single-stranded material, includ-
ing small RNase A-resistant fragments present in the genomic
DNA preparations. We therefore did not include signals below
45 nt in the quantitative determination of mean overhang
length. Based on the distribution of signals, this probably had
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FIG. 2. Validation of the overhang protection assay. (A) The overhang protection assay was performed on single-stranded oligonucleotides
containing (TTAGGG), repeats (n = 6, 9, 16, 32, 48, and 64). Oligonucleotides were either annealed directly to the C-rich probe (annealed) or
underwent the overhang protection assay (protected). Weighted mean sizes were calculated after quantitating the signals in each lane with
ImageQuant software between molecular size (M) marker positions of 36 to 384 bp. (B) Results of the assay in panel A are plotted. (C) The
overhang protection assay was performed on the model template pBSK-Rep4, which contained an ~450-nt 3' (TTAGGG),, overhang after 3 kb
of double-stranded pBSK vector sequences. Prior to the assay, a different amount of pBSK-Rep4 was mixed with or without HeLa genomic DNA.
(D) Whole genomic DNA from HeLa cells was digested with T7 gene 6 exonuclease (a 5'-to-3" exonuclease) for the indicated times and then
treated with or without Exo I before being analyzed in the overhang protection assay. Black lines indicate positions of the bulk of the overhang

DNA.

little effect on mean sizes greater than 100 nt, but it would have
progressively greater impact on accuracy as the mean size
becomes smaller, as a greater fraction of the total signal po-
tentially falls below this 45-nt cutoff.

Senescent cells maintain their 3’ G-rich overhangs. Telo-
meres in senescent normal human fibroblasts have been re-
ported to lose 60 to 80% of their 3’ overhangs (42). We reex-
amined this conclusion by using the overhang protection assay
to analyze both BJ foreskin and IMR90 lung fibroblasts.
We found minimal (~10%) overhang loss in senescent BJ
cells (Fig. 4A and B) and no overhang loss in senescent IMR90
cells (Fig. SA and B). Although it appears that senescent BJ cells
lost some of their long overhangs (>300 nt) (Fig. 4A), the
longest overhangs quantitatively contributed very little to the
weighted mean sizes of overhangs because larger overhangs
hybridized to more probes. We confirmed these were senes-
cent cells by lack of proliferation for 4 weeks and by detecting
the presence of senescence-associated B-galactosidase activity

(Fig. 4C). To determine whether the length of overhangs
changed prior to senescence, we collected DNA from BJ cells
every 5 to 10 population doublings (PD) for the last 30 dou-
blings prior to senescence. To minimize the stress, cells were
continuously passaged without freezing and thawing and cul-
ture media were changed at least once a week. We found that
overhang length remained unchanged prior to senescence (Fig.
4A and B).

We next used the nondenaturing hybridization assay to con-
firm that senescent BJ and IMRO90 cells maintained their over-
hangs. DNA was first hybridized to a C-rich probe under non-
denaturing conditions to allow the probe to hybridize to the
telomeric overhangs. Undigested whole genomic DNA was
used to get a compact signal for easy quantitation. After gel
fractionation, we denatured the gel under conditions that re-
tained the annealed probe inside the gel. The gel was then
dried on a membrane to transfer the overhang-hybridized
probe onto the membrane. The total amount of signal on the
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FIG. 3. Quantitation of mean overhang sizes from the overhang protection assay. The gel (A) was first overlaid with a grid of boxes (B) and
then quantitated (C). The values after subtracting the background (D) correspond to the term OD,, while the values after dividing the signal by
the size in nucleotides (E) correspond to the signal OD,/L; in the formula 3(OD;)/%(OD,/L;) used to calculate the final mean sizes. See text for

details.

membrane represented the overhang signal. The same gel was
then hybridized to an Alu repeat probe. Overhang signals were
normalized to the total amount of genomic DNA determined
from signals hybridized to the Alu repeat probe. We treated
paired aliquots with Exo I to remove the 3’ overhang, and the
difference in signals with or without Exo I represented the
specific contribution of the G-rich 3’ overhangs (Fig. 4D and
5C). Results showed that neither senescent BJ nor senescent
IMRO0 lost a substantial amount of their overhangs (Fig. 4E
and 5D), consistent with results from the overhang protection

assay. We therefore found no evidence that global overhang
loss occurred or triggered replicative senescence.

Cells bypassing M1 maintain their overhang length. We
next examined the overhang length in cells bypassing senes-
cence due to the expression of HPV E6 and E7. The E6 and E7
gene products cause degradation of p5S3 and hyperphosphory-
lated Rb, respectively, thus allowing cells to bypass senescence
(19, 46). During their extended life span, both BJ and IMR90
cells infected with E6/E7 showed no decrease in overhang
length (Fig. 5B and 6C).
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FIG. 4. BJ cells maintain their telomeric 3’ overhangs at senescence. (A) Overhang protection assay of DNA from BJ fibroblasts at different PD up
to senescence (sen). DNA was treated with or without Exo I before being analyzed in the overhang protection assay. To verify approximately equal
amounts of input DNA, 1/30 of each sample was run on a 0.7% agarose gel and visualized with ethidium bromide (input). (B) Weighted mean sizes of
the overhangs were quantified and are plotted. Results shown are representative of at least three independent experiments. Error bars represent one
standard deviation. Cells were cultured in three different growth series until senescence, and DNA from these cells was used for the overhang protection
assay. (C) Senescence-associated B-galactosidase staining of BJ fibroblasts at PD 32 and at senescence. (D) Nondenaturing hybridization analysis of
telomeric restriction fragments from BJ fibroblasts at PD 40 and 90 (senescence). Undigested genomic DNA was hybridized to **P-labeled C-rich
high-specificity probe and then gel fractionated in 0.5X TBE. After the gel was denatured, overhang signals were transferred to a nylon membrane and
exposed to a phosphorimager screen (left panel). The denatured gel was neutralized and rehybridized to the Alu repeat probe (right panel). (E) Relative
amounts of overhangs were calculated by normalizing signals from the membrane (overhang signals) by the Alu repeat signal (representing total genomic
DNA) and plotted. Results shown are representative of three independent experiments. Error bars represent one standard deviation.

We then tested cells infected with HPV16 E6 only and E7
only. BJ cells were infected with retrovirus containing E6, E7,
E6 plus E7, or empty vector. Ectopic expression of E6 ex-
tended life span for about 13 PD beyond normal senescence,
and cells eventually growth arrested. Cells expressing E7
growth arrested at approximately the same PD as the control
cells infected with vector control (Fig. SA). Although expres-
sion of E6 is able to activate telomerase in epithelial cells and
primary keratinocytes (1, 23, 44), telomerase activity remained
undetectable in BJ/E6, BJ/E7, or BI/E6/E7 cells (Fig. 6B).

Cells expressing E6 only and cells expressing both E6 and E7
showed overhangs with lengths similar to those of normal cells

before and after bypassing M1 (Fig. 6C). Cells expressing only
E7 showed no reduction in overhang length at senescence
compared to proliferating cells (data not shown), supporting our
conclusion that a reduction of overhang length is not the cause of
replicative senescence. The behavior of cells expressing HPV
oncoproteins showed that there is no association of short over-
hangs with the extended life span between M1 and M2.

Cells expressing SV40 L-Tg gradually lose some of their
overhangs during passaging. We also examined the overhang
length in cells bypassing senescence due to the expression of
SV40 L-Tg. In contrast to cells expressing HPV E6/E7, L-Tg-
infected BJ and IMR90 cells exhibited about a 20 to 30%
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overhang shortening during their extended life span (Fig. 5B
and 7B).

To test whether overhang shortening in L-Tg-infected cells
occurred prior to M1, we infected young BJ cells at PD 27 with
L-Tg. The young BJ/L-Tg cells displayed similar overhang sizes
to the uninfected control. However, their overhangs shortened
as these cells were passaged (Fig. 7A and B). The overhangs
continued to shorten after cells bypassed senescence (PD 92)
(Fig. 7A and B). No change in the rate of decrease was seen
throughout the culture period. We also used the nondenatur-
ing hybridization assay and confirmed the results from the
overhang protection assay (Fig. 7C). At present, we do not
know the reasons why overhang sizes are reduced in L-Tg-
expressing cells. The overhang loss measured by nondenatur-

ing hybridization was greater than that measured by the over-
hang protection assay (40 versus 30% at PD 92), indicating that
we underestimated the contribution of the shortest overhangs
(below our 45-nt cutoff) induced by L-Tg at higher PD when
we calculated the mean overhang size using the overhang pro-
tection assay.

DISCUSSION

A 60 to 80% loss of the G-rich telomeric 3" overhangs has
been claimed to be the proximate cause of replicative senes-
cence (42). Using both the overhang protection and the non-
denaturing hybridization assays, we failed to find evidence
consistent with this conclusion. Overhang length was not ap-
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preciably shorter at senescence in either BJ foreskin or IMR90
fetal lung fibroblasts. BJ cells were also used in the above
study, while IMR90 fetal lung fibroblasts are similar to the
MRCS fetal lung fibroblasts that were used. As in the previous
report, we did observe overhang shortening in cells expressing
SV40 L-Tg. However, with the HPV oncoproteins E6 and E7
we did not find overhang shortening either before or during the
period of extended life span.

Using a combination of immunofluorescence and fluores-
cence in situ hybridization analyses, our group has recently
demonstrated that in normal human fibroblasts (BJ) it is spe-
cifically 10% of telomeres with the shortest ends that cause
senescence, with only a few telomeres initiating end associa-

tions in any given cell (52). The senescence-associated DNA
damage y-H2AX/53BP1 foci (11) colocalized with these short-
est telomeres but not to the longer telomeres (52). These
results are essentially incompatible with a global change in
overhang length being the cause of replicative senescence. One
should not observe a 60 to 80% reduction in overhangs when
using an assay that measures all 92 ends if only a few ends are
limiting for growth. Thus, our present conclusion that global
overhang loss is not the cause of replicative senescence is
further supported by a totally different analysis.

It is a formal possibility that only the shortest telomeres
responsible for signaling replicative senescence lose their over-
hangs. If so, it indicates that processing of these shortest telo-
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mere ends may be different from that of the rest of the telo-
mere ends. Cells must be able to distinguish these shortest
telomere ends from others, perhaps thorough recruiting or
modifying DNA damage response factors at these ends. At
present, there is no available method to measure the overhang
length at each individual telomere end. Future study is needed
to determine the length of overhangs on these shortest telo-
meres.

The difference in results cannot be explained solely on the
basis of different methods of analysis. The original report
claiming overhang loss as the cause of senescence confirmed
their observations by also conducting hybridization to over-

hangs in native (nondenaturing) gels (42). We have used this
same technique, and we found that the overhangs did not
decrease in size (Fig. 4E and 5D). We speculate that the most
likely explanation lies in different culture conditions that pro-
duce different baseline levels of stress or DNA damage. Some
types of stress and DNA damage have been shown to induce a
shortening of overhangs (42), and a reduction in overhang size
with ongoing culture has also been reported by Keys et al. (22).
Because of our interest in the long-term cultivation of normal
diploid cells, we have optimized culture conditions as much as
possible. In addition to carefully screening different serum lots,
our culture facility contains longer-wavelength gold lighting to
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prevent the formation of toxic products in tissue culture media
produced by standard fluorescent lighting (4, 45). In addition,
since trypsinization at 37°C has been shown to be toxic (31), all
trypsinizations were performed at RT. It is possible that these
or other differences in culture technique produce a lower level
of stress or damage in our cells that prevents the overhangs
from shortening. Irrespectively, the presence of normal repli-
cative aging in the absence of significant overhang shortening
establishes that global overhang shortening cannot have a
causal relationship with this phenomenon.

Differences between our overhang protection assay and the
T-OLA could also contribute to the differences observed. The
T-OLA requires the uninterrupted ligation of multiple short
oligonucleotides hybridized to the G-rich overhang in order to
provide an estimate of the size of the overhang (9). Electron
microscopic studies have shown that human telomeric over-
hangs are quite heterogeneous in length, ranging from 50 to at
least 400 nt (21, 49). The T-OLA technique thus attempts to
analyze a heterogeneously sized target with a technique that
produces a heterogeneously sized product even from a unique
model target. In addition, anything that prevents a continuous
gap-free alignment of oligonucleotides would prevent the pro-
duction of large ligated products. The G-rich sequence has the
ability to form unique secondary structures called G-quadru-
plexes (50). The presence of small “G-knots” anywhere in the
overhang could potentially interrupt the continuous alignment
of adjacent nucleotides and could contribute to a decreased
size of T-OLA products. It is unknown whether such G-knots
are present in normal telomeres or if their abundance changes
under different conditions such as stress or senescence. The
increased protection we observed using UP1, which has at least
some capacity to unwind G-quartets under physiological con-
ditions (15, 24), suggests that some such structures might be
present in overhangs in isolated genomic DNA.

Although signals below 45 nt are excluded from quantitation
in the overhang protection assay, we do not believe this limi-
tation affects our conclusions that overhang loss is not a mo-
lecular trigger for replicative senescence. The previous report
using T-OLA (42) also had a detection cutoff at 48 nt, because
the probe used was 24 nt and the minimal ligation product was
48 nt long. The overhang protection assay described for the
first time in this report, which measures the absolute length of
overhangs and provides information about overhang size dis-
tribution, provides a useful complement to the conventional
nondenaturing hybridization assay.

We observed a gradual decrease of overhang sizes in SV40
L-Tg-expressing cells but not in HPV E6/E7-overexpressing
cells. At present, we have no adequate explanation for this
phenomenon, although it is known that L-Tg and E6/E7 block
p53 and Rb pathways through different mechanisms (19). The
effect of L-Tg cannot be direct, since there was initially no
change in overhang length and the reduction was progressive
over the next 60 PD (Fig. 7). Given that some forms of damage
induce overhang shortening (42), we speculate that differences
in the mechanisms by which HPV E6/E7 and L-Tg affect stress
and damage signal processing are responsible for the observed
difference.

It has long been hypothesized that telomere overhangs are
generated by the combined effects of end replication problem
and telomere end processing. The conventional DNA replica-
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tion machinery will generate a 3’ G-rich overhang at the end of
the lagging-strand daughter, while the end of the leading-
strand daughter will initially be blunt (27, 35). Both ends can
be further trimmed by hypothetical nucleases to generate
longer overhangs (8, 37). This hypothesis is supported by the
observations that overhangs are detected at both ends of chro-
mosomes in ciliates and human cells. Our result demonstrating
that human telomeres have long 3’ overhangs is consistent with
previous findings from other assays (29, 49). It will be impor-
tant to pinpoint the factors and/or nucleases responsible for
overhang creation and processing that contribute to the telo-
mere shortening rate (21).
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